Rabbits were injected intravenously with 10 to 100 ng of staphylococcal enterotoxin A (SEA) per kg, and colonic temperatures were monitored. The febrile responses were compared with circulating levels of interferon (IFN), tumor necrosis factor (TNF), interleukin-1 (IL-1), IL-2, and IL-6 just before the injection of SEA. Both colonic temperatures and circulating levels of IFN, TNF, and IL-2 started to rise at 1 to 2 h and reached their peak levels at 3 to 5 h after SEA injection. Both the fever and the increased circulating levels of IFN, TNF, and IL-2 produced by SEA were decreased by pretreatment with indomethacin (a cyclo-oxygenase inhibitor) (15 mg/ kg, intraperitoneally), anisomycin (a protein synthesis inhibitor) (15 mg/kg, subcutaneously), or dexamethasone (an effective anti-inflammatory and immunosuppressive agent) (4 mg/kg, intravenously) in rabbits. Rabbits were injected intravenously with 30 ng of SEA per kg on four consecutive days, and colonic temperatures were monitored. Compared to rabbits that received the single injection of SEA, rabbits that received four consecutive injections of SEA showed a lesser increase in circulating levels of IFN, TNF, and IL-2 as well as colonic temperatures in response to an intravenous dose of SEA (30 ng/kg). The data suggest that the prevention of the febrile response elicited by SEA by indomethacin, anisomycin, or dexamethasone is due to prevention by these compounds of the increase in the circulating levels of IFN, TNF, and IL-2. The pyrogenic hyporesponsiveness to repeated injection of SEA is associated with decreased production of these circulating cytokines.
Staphylococcus aureus produces a family of enterotoxins that cause most common cases of acute food poisoning in humans and other primates (2, 26) . The staphylococcal enterotoxins (SE) are classified into several distinct immunological types designated SEA to SEE (38) . SEA, SEB, and SEC have been shown to stimulate T-cell division in rabbits (13) . SEA stimulates the production of pyrogenic cytokines, including interferon (IFN), tumor necrosis factor (TNF), and interleukin-1 (IL-1), IL-2, or IL-6 (7, 11, 12, 14, 19, 21) . In addition, intravenous (i.v.) injection of very small doses of SEA or SEB into rabbits, cats, and monkeys produces lethargy, fever, shock, and death (6, 9, 16, 23, 31, 32) . It has been postulated that SEB may exert its toxicity by damaging the capillary endothelium in the large intestine and thereby permitting absorption of bacterial lipopolysaccharide (LPS) into the circulation (41) .
In order to explore possible roles played by several pyrogenic cytokines in the development of SEA fever, experiments were carried out to assess both the body temperatures and circulating levels of IFN, TNF, IL-1, IL-2, and IL-6 in control rabbits, in rabbits pretreated with antipyretic drugs such as indomethacin and anisomycin, and in rabbits pretreated with an effective anti-inflammatory and immunosuppressive agent such as dexamethasone. In addition, a rabbit model of SEA tolerance was used, in which SEA-induced febrile and circulating cytokine responses to a single injection of SEA were compared with those to SEA given on four consecutive days. The febrile responses were compared with the circulating levels of cytokines in these groups of animals.
MATERIALS AND METHODS

Animals.
Adult male New Zealand White rabbits, weighing between 2.2 and 3.3 kg at the start of the study, were used. The thermal experiments were carried out with unanesthetized animals restrained in rabbit stocks. Between experiments the animals were housed individually at an ambient temperature of 22 Ϯ 1°C with a 12-h light-dark cycle, with the lights being switched on at 0600 h. Animal chow and water were allowed ad libitum. In addition, to ascertain whether the SEA-induced fever is mediated by endotoxin, experiments were carried out to assess the effect of i.v. administration of SEA (300 ng/mouse) on the colonic temperature in 7-to 9-week-old C3H/HeJ endotoxin-resistant mice. All experimental animals were obtained from the Animal Center of National Cheng Kung University (Tainan, Taiwan). Drug solutions. All drug solutions were prepared in pyrogen-free glassware that was heated for 5 h before use. All solutions were passed through 0.22-mpore-size Millipore bacterial filters. Sterile SEA (Sigma Chemical Co., St. Louis, Mo.) was made up in 0.9% saline solution. Indomethacin (Sigma) was dissolved in 2% NaHCO 3 solution, and anisomycin (Sigma) was dissolved in 15% ethanol; both were then diluted to the required concentration with saline. Dexamethasone (Sigma) was dissolved in saline. All of the SEA solutions used in this study did not induce gelation in the Limulus amebocyte lysate test, so any contamination with endotoxin was below the level of 25 pg/ml.
Pyrogen assay. Experiments were conducted between 0900 and 2000 h, with each animal being used at an interval of not less than 14 days. Throughout the experiment, colonic temperatures were measured every minute with a copper constantan thermocouple connected to a thermometer (HR1300; Yokogawa, Tokyo, Japan). The colonic temperature of each animal was allowed to stabilize for at least 90 min before any injections. Only animals whose body temperatures were stable and in the range of 38.6 to 39.7°C were used to determine the effect of drug application.
IFN bioassay. For measurement of serum cytokines, 5 ml of blood was withdrawn from the marginal ear vein of each rabbit. Blood was sampled 1, 3, 5, and 7 h after injection of SEA or normal saline. The blood samples were centrifuged at 1,400 ϫ g for 15 min at 4°C. The serum was collected in polyethylene tubes and stored at Ϫ70°C until the cytokine assay. Serum from drug-treated or vehicletreated rabbits was tested for IFN activity by the vesicular stomatitis virus (Indiana strain) cytopathic effect on RK-13 cells (49) . IFN titers were expressed as units per milliliter and were defined as the reciprocal value of the dilution of serum that showed a 50% reduction in cytopathic effect. The reference IFN titer was determined, and the endpoint of the samples was adjusted. Since a standard preparation of rabbit IFN is not available, an internal laboratory standard rabbit IFN (Lee BioMolecular Research) was included in each assay for the present experiments. TNF bioassay. TNF activity in serum samples was measured by an in vitro cytotoxicity assay with TNF-sensitive L.P3 cells (a kind gift from H. Fujiwara, Biomedical Research Center, Osaka University Medical School, Osaka, Japan) as previously described (20) with slight modifications. Briefly, 2.5 ϫ 10 4 cells were plated in 96-well microplates (Nunc, Roskilde, Denmark) in RPMI 1640 (GIBCO BRL, Grand Island, N.Y.) containing 10% fetal bovine serum (FBS) (GIBCO BRL) and incubated in a humidified atmosphere of 5% CO 2 at 37°C for 4 h. After incubation, samples (100 l) in a series of dilutions, or recombinant human TNF-␤ (R&D, Minneapolis, Minn.) as an internal reference, were added to the well, followed by addition of 50 l of actinomycin D (Sigma) at a final concentration of 1.6 g/ml. After 24 h of incubation, the cells were washed with saline, stained with 0.05% crystal violet for 30 min, and then eluted with 50% ethanol in 0.1% acetic acid solution. The microplates were read at 590 nm on a Multiskan photometer (MR5000; Dynatech, McLean, Va.). The sensitivity of the TNF bioassay was 0.3 U/ml. IL-1 bioassay. IL-1 was measured with the IL-1-dependent murine T-cell line D10N4M (a kind gift from C. C. Chao, Neuroimmunology and Host Defense Laboratory, Minneapolis Medical Research Foundation, Minneapolis, Minn.) as previously described (8, 33) . Briefly, the D10N4M cells were maintained in RPMI 1640 (GIBCO BRL) with 10% FBS (GIBCO BRL), recombinant human IL-2 (20 ng/ml) (R&D), recombinant human IL-1␤ (40 pg/ml) (R&D), 50 M 2-mercaptoethanol (Serva, Heidelberg, Germany), and concanavalin A (3 g/ml) (Sigma) and were fed every 3 days before being assayed. The serially diluted rabbit serum samples, or recombinant human IL-1␤ (50 l) as an internal reference, were added to each well of microplates (Nunc), followed by the addition of 50 l of washed D10N4M cells (2 ϫ 10 5 /ml). After 72 h of incubation, the cells were pulsed with 0.5 Ci of [ IL-2 bioassay. IL-2 activity was measured with the IL-2-dependent CTLL-2 cell line (a kind gift from C. C. Chao) as previously described (5) . Briefly, the CTLL-2 cells were maintained in RPMI 1640 (GIBCO BRL) with 10% FBS (GIBCO BRL), recombinant human IL-2 (20 U/ml) (R&D), 50 M 2-mercaptoethanol (Serva), and 50 g of gentamicin (Sigma) per ml and were fed every 3 days before being assayed. The serially diluted rabbit serum samples or recombinant human IL-2 (50 l) (R&D) was incubated with 2 ϫ 10 5 CTLL-2 cells per ml (50 l). After 24 h of incubation at 37°C, each well was pulsed with 0.5 Ci of [ 3 H]thymidine (DuPont NEN) for 5 h. The cells were harvested on glass fiber filters with an automatic cell harvester (Cambridge). The radioactivity incorporated was assayed in a liquid scintillation counter (LS 5000TA; Beckman).
IL-6 bioassay. The IL-6 activity was measured with the IL-6-dependent cell line 7TD1 as previously described (46) . This cell line was kindly provided by J. Van Snick (Ludwig Institute for Cancer Research, Brussels, Belgium). Briefly, 7TD1 cells were cultured in RPMI 1640 (GIBCO BRL) containing 10% FBS, 2 ng of recombinant human IL-6 (R&D) per ml, and 50 M 2-mercaptoethanol (Serva). Serum samples in serial dilutions or recombinant human IL-6 was added to each well of microplates (Nunc), followed by the addition of washed 7TD1 cells (2 ϫ 10 3 cells/well) in AIM-V medium (GIBCO BRL). The cells were incubated at 37°C in a CO 2 incubator. After 3 days of incubation, each well was pulsed with 0.5 Ci of [ 3 H]thymidine (DuPont NEN) for 6 h. The cells were harvested on glass fiber filters with an automatic cell harvester (Cambridge). The radioactivity incorporated was assayed in a liquid scintillation counter (LS 5000TA; Beckman). The sensitivity of this assay is 1 pg/ml.
Statistical analysis. Temperature responses were assessed as changes from the preinjection value. Results are expressed as the means Ϯ standard errors of the means (SEM) for n experiments. Results were compared by one-way analysis of variance followed by Duncan's test when appropriate. A P value of Ͻ0.05 was considered significant.
RESULTS
Cytokine production and fever. The i.v. administration of SEA (10, 30 , and 100 ng/kg) caused fever in rabbits (Fig. 1A) . Colonic temperatures started to rise at 1 h and reached the peak level at 5 h after SEA injection. Body temperatures returned to the preinjection level at 12 h. In parallel with the colonic temperature change, the concentrations of IFN (Fig.  1B) , TNF (Fig. 1C) , and IL-2 ( Fig. 1D ) in serum also started to rise at 1 h and reached the peak level at 3 to 5 h after SEA injection. The levels of these cytokines in serum returned to the preinjection values at 7 to 12 h. However, unlike the case for IFN, TNF, and IL-2, SEA injection did not affect the concentration of either IL-1 or IL-6 in serum (data not shown). In addition, to ascertain whether the SEA-induced fever is mediated by endotoxin, experiments were carried out to assess the effect of i.v. injection of SEA (300 ng/mouse) on the colonic temperature in the C3H/HeJ strain of endotoxin-resistant mice. It was found that C3H/HeJ mice still responded to SEA (1.15 Ϯ 0.12°C, n ϭ 10), suggesting that the SEA induction of fever was not related to endotoxin contamination.
Antipyresis with anisomycin and indomethacin. The increases in both the colonic temperatures ( Fig. 2A) and the concentrations of IFN (Fig. 2B) , TNF (Fig. 2C) , and IL-2 ( (Fig. 3A) and decreased the concentrations of IFN (Fig. 3B), TNF (Fig. 3C) , and IL-2 ( dose of SEA (30 ng/kg) produced a slight decrease, rather than an increase, in the colonic temperature in rabbits pretreated with anisomycin or indomethacin ( Fig. 2 and 3) . Antipyresis with dexamethasone. An i.v. dose of dexamethasone (4 mg/kg; 1 h before SEA injection), although showing no effect on basal colonic temperature or concentrations of IFN, TNF, and IL-2 in serum, did attenuate the SEA-induced fever (Fig. 4A) , as well as the increased concentrations of IFN (Fig. 4B), TNF (Fig. 4C) , and IL-2 (Fig. 4D ) in serum.
Pyrogenic tolerance to SEA. To test for the development of pyrogenic tolerance to SEA, rabbits were injected i.v. with 30 ng of SEA per kg for four consecutive days. In addition to measurement of colonic temperatures, the concentrations of IFN, TNF, and IL-2 in serum were determined at 0, 1, 3, and 5 h after SEA injection in rabbits treated with a single injection and in rabbits treated with four consecutive injections. As shown in Fig. 5 , an i.v. dose of SEA produced lesser increases in serum IFN (Fig. 5B), TNF (Fig. 5C) , and IL-2 (Fig. 5D ) production as well as in colonic temperature (Fig. 5A ) in rabbits that received four consecutive SEA injections than in rabbits that received a single injection of SEA.
DISCUSSION
The present experiments on tolerance to SEA were carried out by using the febrile response in rabbits. Daily injection of SEA rendered the animals tolerant to the SEA. The unresponsiveness has been suggested to reflect at least two different mechanisms: physical elimination (depletion) (18, 47) and functional inactivation (anergy) (34, 35) . Recently, the effect of the superantigen SEA on the balance between T-cell response and nonresponsiveness in T-cell receptor V␤3 transgenic mice has been investigated by Sundstedt et al. (42) . Their results suggest that SEA-induced hyporesponsiveness involves CD4 ϩ -cell depletion and a failure to produce cytokines in the remaining CD4 ϩ -T-cell compartment. In the present study, compared to rabbits that received a single injection of SEA, rabbits that received four consecutive injections of SEA had lesser increases of circulating levels of cytokines in response to an i.v. dose of SEA. Thus, it appears that the attenuated effect with repeated injection of SEA is related to T-cell depletion and/or a failure to produce cytokines in the remaining T-cell compartment. Recently, good evidence that the consecutive injection of LPS increases endogenous glucocorticoid levels has been presented (44) . As glucocorticoids inhibit the production of cytokines and the induction of cyclo-oxygenase-2 (COX-2) or nitric oxide synthase (NOS), it is more likely that repeated injection of SEA causes an increase in endogenous glucocorticoid levels, which inhibits the production of proinflammatory cytokines and, hence, fever. Glucocorticoids suppress a wide range of proinflammatory functions of monocytes/macrophages, including synthesis of TNF-␣, IL-1␤, IL-6, and IL-8 (3, 15, 39) . Indeed, in the present study, dexamethasone (a synthetic glucocorticoid) attenuated both the fever and the increased circulating levels of cytokines produced by SEA in rabbits.
In the present study, the increase in the circulating levels of proinflammatory cytokines was associated with an increase in core body temperature. The increase in the circulating levels of cytokines as well as the associated febrile response caused by SEA was attenuated by indomethacin (an inhibitor of COX), anisomycin (a protein synthesis inhibitor), or dexamethasone (a potent inhibitor of the transcription of inducible NOS) (44) . Arachidonate metabolites, mostly prostaglandins (28, 45) , and NOS (22) are thought to be involved in the development of pyrogenic fever. The production of COX or NOS is induced by LPS or cytokines such as TNF-␣, IFN-␥, IL-1, or IL-6 (1, 10, 17, 24, 43) . COX exists in at least two isoforms. COX-1 is present constitutively in various types of cells, including endothelial cells (30) , whereas the expression of COX-2 is induced by inflammatory stimuli, including cytokines and LPS (10, 25, 29) . Like indomethacin, a protein synthesis inhibitor such as anisomycin or dexamethasone (a potent inhibitor of NOS) prevented the rise in the circulating levels of IFN, TNF, and IL-2. In addition, the inducible NOS was shown to be inhibited by a protein synthesis inhibitor, cycloheximide (27) . Given the present findings, the prevention of the increase in body temperature caused by indomethacin, anisomycin, or dexamethasone in rabbits treated with SEA is likely to be the result of the prevention by indomethacin, anisomycin, or dexamethasone of the rise in the circulating levels of these proinflammatory cytokines. Indeed, by preventing the formation of these proinflammatory cytokines, indomethacin, anisomycin, or dexametha- sone would presumably also prevent the expression of COX-2 or the inducible isoform of NOS.
Endotoxin (LPS) is the major active agent in the pathogenesis of septic shock (48) . A shocklike state can be induced by a single injection of LPS into animals. This toxic syndrome is mediated by macrophage-derived inflammatory cytokines. Not only endotoxins but also bacterial exotoxins from certain grampositive bacteria cause toxic shock in humans (36, 38) . LPS caused a marked production of TNF-␣, IL-8, IL-1␣, IL-1␤, and IL-6 (4). In contrast, SEA induced a marked production of TNF-␣, TNF-␤, IFN-␥, and IL-2. Recently, Stiles et al. (40) demonstrated that mice injected with SEA plus LPS had greatly elevated concentrations of TNF-␣, IL-1␣, IL-6, and IFN-␥ in serum. However, in the present study we found that rabbits injected with SEA had a significant increase in the levels of IFN, TNF, and IL-2 in serum but had no change of either IL-1 or IL-6 in serum. Previous results (37) showed that injection of TNF-␣ or IL-1 produced a concomitant rise in the serum IL-6 level. This makes it difficult to explain why the serum IL-6 concentrations were unaffected by SEA injection in rabbits in the present study.
In summary, the present results showed that i.v. injection of SEA produced fever and a rise in the circulating levels of IFN, TNF, and IL-2. Both the fever and the augmented circulating levels of IFN, TNF, and IL-2 induced by SEA were attenuated by indomethacin, anisomycin, dexamethasone, or repeated injections. These results suggest that the SEA-induced fever is associated with increased circulating levels of IFN, TNF, and IL-2.
